Oil caverns at the U
Abstract
Oil caverns at the U.S. Strategic Petroleum Reserve (SPR) are subjected to geothermal heating from the surrounding domal salt. This process raises the temperature of the crude oil from around 75°F upon delivery to SPR to as high as 130°F after decades of storage. While this temperature regime is adequate for long-term storage, it poses challenges for offsite delivery, with warm oil evolving gases that pose handling and safety problems. SPR installed highcapacity oil coolers in the mid-1990's to mitigate the emissions problem by lowering the oil delivery temperature. These heat exchanger units use incoming raw water as the cooling fluid, and operate only during a drawdown event where incoming water displaces the outgoing oil. The design criteria for the heat exchangers are to deliver oil at 100°F or less under all drawdown conditions. Increasing crude oil vapor pressures due in part to methane intrusion in the caverns is threatening to produce sufficient emissions at or near 100°F to cause the cooled oil to violate delivery requirements. This impending problem has initiated discussion and analysis of alternative cooling methods to bring the oil temperature even lower than the original design basis of 100°F.
For the study described in this report, two alternative cooling methods were explored: (1) cooling during a limited drawdown, and (2) cooling during a degas operation. Both methods employ the heat exchangers currently in place, and do not require extra equipment. An analysis was run using two heat transfer models, HEATEX, and CaveMan, both developed at Sandia National Laboratories. For cooling during a limited drawdown, the cooling water flowrate through the coolers was varied from 1:1 water:oil to about 3:1, with an increased cooling capacity of about 3-7°F for the test cavern Bryan Mound 108 depending upon seasonal temperature effects. For cooling in conjunction with a degas operation in the winter, cavern oil temperatures for the test cavern Big Hill 102 were cooled sufficiently that the cavern required about 9 years to return to the temperature prior to degas. Upon reviewing these results, the authors recommended to the U.S. Department of Energy that a broader study of the cooling during degas be pursued in order to examine the potential benefits of cooling on all caverns in the current degasification schedule. 
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INTRODUCTION
Crude oil stored at the Strategic Petroleum Reserve (SPR) gains thermal energy from the warm (~140°F) domal salt surrounding the underground caverns. The natural increase in cavern oil temperature is well understood and predicted with available tools such as CAVEMAN (Ballard and Ehgartner, 2000) . While not particularly problematic for storage, thermal regain is potentially problematic for oil delivery off-site in the event of an SPR drawdown. The drawdown process will eventually route the crude oil to storage tanks offsite that are held at atmospheric pressure. This warm oil may then undergo a "flash" process in which a combination of gases (CH 4 , H 2 S, benzene, etc.) evolves rapidly from the oil, posing acute health and safety risks in the vicinity of the storage tanks. High oil temperature exacerbates this problem, and it is therefore desirable to deliver the oil at as low a temperature as practical in order to limit emissions.
The current oil flow configuration at SPR (Figure 1-1 ) passes the cavern oil through a heat exchanger during a drawdown event. The cooling fluid comprises water drawn from a large nearby natural water source, for example the Intracoastal Waterway (ICW), that is at ambient temperature. Water that is passed through the heat exchanger is then routed into the cavern to act as the oil drive mechanism. Therefore, the default volumetric water flow rate is effectively the same as the oil flow rate. The SPR heat exchangers employ a standard and very effective shell-and tube configuration for allowing the cooling water and hot oil to implement heat transfer. Heat stored in the oil is conducted through the large surface area of the heat exchanger to the water. The net effect is an increase in water temperature coupled with a decrease in the oil temperature. With this configuration, the exit temperatures of the oil and water will always fall between the entry temperatures. The more efficient the heat exchanger, the closer the true log mean temperature difference approaches the theoretical counter-flow log mean temperature difference.
At SPR sites, the potential emission releases are carefully documented on a cavern-by-cavern basis for a delivery temperature of 100°F. In practice, the oils from several caverns are often blended just prior to delivery to yield a combined product with sufficiently low vapor pressure and delivery temperature so that emissions requirements are met. Geothermal heating and methane regain in the caverns complicate the problem, however, by increasing the vapor pressure of stored oils. In response, the SPR program has implemented a vapor pressure mitigation plan in which "gassy" cavern oils are passed through a degasification plant to strip out the methane and reduce the vapor pressure. The schedule for degasification is based upon observed gas regain rate and the emissions requirements at the standard delivery temperature of 100°F. Delivering the oil at a temperature of 100°F or less is therefore an important process goal.
Oil cooling during the winter and spring when the local water temperature is below 80°F is quite effective and may easily deliver the oil at temperatures well below 100°F. Water inlet temperatures exceeding 80°F during the hot summer months, along with high starting temperatures of certain oils (T > 120°F) combined with a high vapor pressure poses more of a challenge and may prevent these oils from meeting delivery requirements. The driver for this work is therefore to explore the feasibility of using alternative methods to the standard configuration for oil cooling. 
Objective
DOE has raised the question of whether there are feasible alternatives to cooling the oil beyond the standard practice of using only the drive water to cool oil at the time of drawdown. The proposed alternatives include:
• Cooling during degas operations
• Cooling during standby
• Cooling during a limited drawdown by increasing water flow through the heat exchanger to greater than 1:1 water:oil volume flowrate to yield a lower oil exit temperature
All of these options employ infrastructure that is already in place. Extra energy will be required to run the water and oil pumps, and run the heat exchanger for the case of standby/degas. For the case of standby/degas cooling water must also be stored and disposed of according to regulations. Additionally, some degradation of pipes, valves, etc must be expected with increased use.
The objective of this report is to examine these three potential configurations for cooling cavern oil for feasibility based on thermodynamic principles. Evaluation of associated energy needs and costs for these options are not addressed here.
APPROACH
Three test scenarios were examined:
• Cooling during a limited drawdown by reducing oil flow through the exchanger to yield a longer residence time and thus lower exit temperature Each test scenario is described in detail below. Note that any engineering analysis requires assumptions, and reflects a simplification of the real system. All assumptions are outlined clearly in the approach section for each analysis. Operational considerations that may affect the feasibility of applying these test scenarios at SPR sites are addressed in the results and discussion section. No attempts were made in this report to calculate the cost of any operations under consideration.
Cooling during standby/degas
Problem description
Cooling during standby and cooling after degas are very similar in approach, and are treated here under the same heading. In this scenario, hot oil is withdrawn from the cavern, passed through the heat exchanger, and returned to the cavern at a lower temperature. This process could be applied to a cavern sitting idle, or to oil after it comes out of the degas plant before it is re-injected into the cavern.
Figure 2-1 shows a schematic of the heat exchanger and cavern configuration for cooling during a degas operation. Oil is withdrawn from the cavern using a closed loop system with no water drive-normal operating mode for a degas operation. The oil is passed through the degas plant, and before it is re-injected into the cavern, it passes through the heat exchanger. The cooling water is contained in a separate loop where it is withdrawn from the ICW or other large source, passed through the heat exchanger, and then returned to the source. In concept, this process serially removes methane and heat, both of which contribute to high vapor pressure. The schematic for cooling during standby is very similar, but there is no degas plant in the oil flow loop.
The most basic questions that this analysis addresses are (1) what is the expected temperature of the oil returned to the cavern, and (2) what is the effect of this cooling step on the temperature history of the oil in the cavern. Recall that the baseline case is no cooling after the degas operation.
Cavern oil temperature history is then predicted as a function of cooling water temperature (i.e., seasonal effects) and percentage of cavern oil cooled. The cooling should appear as a dip in the cavern oil temperature history plot, and extend the time interval between degas operations for a given cavern. 
Applicable models
The problem was set up as two heat transfer problems in series. First, a heat exchanger model (HEATEX) was run to predict the temperature of the oil returned to the cavern, and then a thermal regain model (CaveMan) was run to predict the temperature history of the oil in the cavern.
Heat exchanger model
The heat exchangers used at SPR for cooling cavern oil during delivery are of the shell and tube type, with one shell pass and two tube passes. The energy conservation equation for the heat exchangers based on the tube outer area is given by: The log-mean temperature difference is the ideal counterflow temperature difference for the whole heat exchanger. The log-mean temperature difference is based on pure countercurrent flow configuration and it needs to be corrected for the single shell and double tube passes using the correction factor F to obtain the true mean temperature difference. For countercurrent flow the log-mean temperature difference is defined as:
where T w1 = Tube side (water) inlet temperature [°F] T w2 = Tube side (water) outlet temperature [°F]
The true mean temperature difference is:
Values of the log-mean temperature difference correction factor F are obtained from graph or curve-fit equations. The overall heat transfer coefficient based on the tube outer area is given by: The geometry parameters A i , A o , r i , r o , L, and the material property k can be obtained for the specific heat exchanger used. The tube side and shell side heat transfer coefficients are estimated using empirical correlations found in heat transfer literature. For tube side heat transfer coefficient determination correlations developed for convective heat transfer through tubes and ducts have been used. A correlation for the dimensionless heat transfer coefficient, Nusselt number (Nu D ), through a long duct that takes fluid property variations into account was proposed by Sieder and Tate (1936) as reported in Holman (1986) . This correlation applies to turbulent flow and has been used for this study and is given as: 
where
The tube side heat transfer coefficient is then obtained from:
To evaluate the shell side heat transfer coefficient correlations developed for flow across tube banks are used. Grimson (1937) studied various configurations of heat exchangers and provided the following correlation for the shell side Nusselt number.
The values of the constants C and n for the shell and tube configuration used in the SPR heat exchangers are 0.35 and 0.6, respectively. Evaluation of the Reynolds number for shell side flow requires consideration of the shell side flow geometry.
Once the shell side Nusselt number is determined the shell side heat transfer coefficient is then obtained from:
Heat transfer as a result of water flow through the tubes is calculated from the equation: Likewise, the heat transfer as a result of oil flow through the shell is calculated from the equation:
where the subscript "o" is used for the oil terms
For specified inlet temperatures, oil API Gravity, and oil and water flowrates the model is used to predict oil and water outlet temperatures iteratively to balance Equations 1, 10, and 11.
Cavern thermal regain model
The software CaveMan Version 4.0 (Ballard and Ehgartner, 2000) was used to study the temperature history of oil in the cavern following cooling during degas or at standby. The software is designed to provide information on daily cavern conditions that includes fluid movements in and out of the cavern, salt creep and pressure and temperature changes in the cavern. The software contains a thermal model that is used to predict temperatures in the cavern and the surrounding salt. The thermal model consists of two heat conduction submodels, one for the oil and one for the brine. Each submodel is a one dimensional, radial, finite element heat conduction model and predicts temperatures as a function of time and radial distance from cavern wall. Each submodel solves the heat conduction equation:
where T = temperature CaveMan also simulates heat transfer across the oil/brine interface. Further details on the submodels and implementation of Equation 12 can be found in Ballard and Ehgartner (2000) .
Heat exchanger problem setup
The Heat Exchanger Model for the case of oil cooling after degas was designed to predict oil outlet temperatures for specified oil and water inlet temperatures and flowrates. A calculation routine HEATEX that includes the technical details described in Section 2.1.2.1 was set-up to evaluate oil outlet temperatures to be used in the Thermal Regain Model. Details on HEATEX are provided by Levin (2004) . The routine uses the following input parameters:
• Heat exchanger design and geometry provided by Struthers Industries, Inc. (1995)
• Oil API gravity
• Water properties (specific gravity, viscosity, specific heat, and conductivity) as a function of temperature • Oil properties (same as above) as a function of API 60/60 o F Gravity and temperature
• Thermal conductivity of heat exchanger tube material
• Oil and water flowrates
The routine then uses the input parameters along with initially estimated bulk oil outlet, water outlet, and log mean water temperatures to compute the log mean temperature difference, LMTD correction factor, true LMTD, bulk log mean oil temperature, and heat transfer coefficients to solve the heat transfer equations 1, 10, and 11 in Section 2.1.2.1. The program iterates to find the bulk outlet oil and water and log mean water and oil temperatures where the mass flow heat transfer and overall heat transfer coefficient equations balance.
Big Hill Cavern 102 was selected as a test cavern for this modeling exercise. This cavern was selected because it is due for degasification in winter 2006/2007 (see APPENDIX D), and a winter cooling exercise should yield the maximum cooling effect possible with the current heat exchangers. The specific dates for degasification of BH102 are 11/26/06 to 04/22/07.
In order to obtain cooling water intake temperatures for the heat exchanger model, the proposed degas period was divided into three parts. The first part covers the winter months of December, January and February where the average monthly temperatures are similar. The other two parts are the months of March and April. The corresponding average water temperatures are given in Table 2 -1. To study the effect of cooling water flowrate, water flowrates ranging from 90,000 bbl/day (the same as the oil flowrate) to 250,000 bbl/day were selected. The water flowrate and temperature input to HEATEX are summarized in Table 2-1. HEATEX was then run for each water flowrate and each average inlet water temperature. The results are discussed in Section 3.1. 
CAVEMAN model setup
The purpose of running the thermal regain model in CaveMan here is to predict cavern oil temperatures as a function of time after oil is degassed, cooled, and reinjected. This flow configuration is shown in Figure 2 -1. Recall that this problem is actually approached as two heat transfer problems in series. First, the oil is cooled in the heat exchanger (section 2.1.3) as simulated by HEATEX, and then the oil outlet temperature from HEATEX is fed into the cavern oil thermal regain model in CAVEMAN.
Assumptions:
1. The flowrate of oil withdrawn during degas/standby is the same as the flowrate that is reinjected into the cavern. i..e. No loss or gain of oil.
2. The oil inlet temperature to the heat exchanger is constant throughout the degas/cooling operation. This assumes a "plug flow" movement of the processed oil front within the cavern, and has the effect of maximizing the heat transfer potential in the heat exchanger.
3. Oil inlet to the heat exchanger was identical to the starting cavern oil temperature. No heat gains or losses were allowed in transit from the cavern to the cooler. The same assumption was made for the reinjected oil.
CaveMan inputs
The CaveMan code Version 4.0 (Ballard and Ehgartner, 2000) was used for the calculation. The proposed Baseline Schedule Summaries (APPENDIX D) provides processing information including drawdown rate and time. To utilize this information and to make model predictions in line with the degas schedule, cooling during degas has been selected. Cooling during standby would produce the same results as cooling during degas and therefore is represented by these calculations. For the calculations, Cavern BH102 at the Big Hill SPR site has been selected. The cavern, which has a proposed degas time of about two years, was selected in part to provide ample time to allow possible schedule and operational changes. The cavern was also selected because the proposed degas schedule is in the winter and early spring which would provide the maximum cooling potential. The proposed degas information for this cavern is given below. The following is a summary of all the required inputs to the CaveMan code for the Thermal Regain Model calculations. Values of the specific inputs used for Cavern Big Hill BH102 are listed in APPENDIX E.
• Cavern geometry
• Material and thermal properties of oil, brine and salt.
• The heat transfer coefficient that regulates the heat transfer across the oil/brine interface in Cavern BH102 • The initial temperature of the salt surrounding the cavern 
Cooling during a limited drawdown
While the SPR is obligated to maintain the capability to deliver at a stipulated maximum drawdown rate for each site, delivery rates are often much lower, with small transfers of several million barrels occurring regularly. In this more common scenario, it is possible to operate the heat exchangers in a mode where the oil volume flow rate is less than the cooling water flow rate. Some of the cooling water is sent to the cavern in order to drive the oil out, while the rest is diverted and sent to disposal. Figure 2 .2 shows the major conceptual elements of this configuration. This is similar to maximum drawdown configuration, except that the water flow is split after coming out of the heat exchanger. 
Applicable models
For this scenario, only the heat exchanger model is required. The analysis seeks the oil delivery temperature as a function of oil flowrate, oil inlet temperature, cooling water flowrate, and cooling water inlet temperature.
Problem setup
The problem setup started around selecting an SPR cavern with hot, gassy oil that may require extra cooling, especially in summer, to meet off-site transport and storage requirements at atmospheric pressure. A cursory review of the SPR Drawdown and Distribution Configuration Chart Rev 89 (3 rd Qtr. FY04) shows that Bryan Mound and West Hackberry exhibit the highest average oil temperatures, with typical cavern readings exceeding 110 °F. Next, the caverns were screened for high bubble point pressure at 100°F. At least half of the caverns at each Bryan Mound and West Hackberry exhibited bubble points greater than 14.7 psia. From here, several cavern oils were then simulated with the Sandia Solver equilibrium vapor pressure calculator to determine the temperature sensitivity of the bubble point pressure. Of most interest for this problem is an oil that exhibits a vapor pressure above 1 atm and gas-oil ratio 2 (GOR) > 0.6 scf/BBL at T ≅ 100°F, but is sensitive enough to temperature lowering that the bubble point pressure and GOR fall into a safe range as T is lowered a few degrees. Bryan Mound Cavern 108 (BM108) was found to meet all these criteria. Table 2-2 shows the reported oil properties as well as simulated bubble point pressure and GOR calculated with the Sandia Solver for BM108. The bubble point pressure and GOR are shown for four selected temperatures from 90°F to 105°F. Note that the bubble point pressure is predicted to exceed 14.7 psia at all selected temperatures. Hence, for this oil, the GOR will be nonzero, and must remain below 0.6 scf/BBL to meet delivery requirements. Delivery at 100°F would exceed this GOR requirement with a predicted GOR of 2.12 scf/BBL. Cooling to 90°F would bring the predicted GOR to within compliance at GOR = 0.59 scf/BBL. While some safety factor would be appropriate in practice, the exercise demonstrates that cooling the oil 5 to 10 degrees below the standard 100°F may turn a currently undeliverable oil into a deliverable oil. The underlying purpose of this feasibility study is to determine the sensitivity of the oil deliverability to cooling techniques.
Assumptions
The following assumptions were made for this modeling exercise:
• Oil inlet to the heat exchanger was identical to the average cavern oil temperature. No heat gains or losses were allowed in transit from the cavern to the cooler.
• Heat exchanger performance meets manufacturer performance data. No corrosion, fouling or related loss of efficiency is considered.
Test matrix
The set of model runs was designed to encompass the likely range of input conditions to the oil coolers for a limited drawdown of the single Cavern 108. Flow boundaries on the oil were determined by looking up the maximum drawdown rate from Table 2 .1, and incorporating a minimum flow rate of 75,000 barrels per day. Flow rates for the cooling water were varied from a minimum 1:1 volume ratio with respect to the oil flow rate to a maximum 250,000 barrels per day per the design specification for the heat exchanger. Oil inlet temperature was fixed at 123°F according to cavern data. Water inlet temperature was explored for three temperatures of 55, 70, and 85°F, which represent the approximate minimum, mean, and maximum seasonal water temperatures for the Texas coastal waters.
Model validation
Heat Exchanger Model
The Heat Exchanger Model was validated using the HTRI calculations (see APPENDIX A).
Results of test runs on the HTRI calculations (Appendix A) were compared to results of the Heat Exchanger Model, HEATEX. Both calculations used the same heat exchanger specifications. Four test cases were selected for the comparison. For Case 1, oil and water inlet and outlet temperatures, and oil and water flowrates were assumed to be known, and heat transfer coefficients were calculated. For Cases 2 through 4 the same input parameters as for Case 1 were used, with the exception of water inlet temperatures. For these cases water inlet temperatures were varied and oil and water outlet temperatures were computed using the two codes. Input and results for Cases 2 and 3 are shown in Table 2-3 and Table 2 The HTRI calculations use more heat exchanger details than those of HEATEX. In the HTRI the heat exchanger is subdivided into subsections for calculation purposes. HEATEX calculates the heat exchanger as a single piece. Also, the oil API gravity and fluid property correlations used in the HTRI calculations could be different from those used in the HEATEX calculations. The observed differences in results could be attributed to these differences. Overall, the results are comparable. The calculations described above assumed use of carbon steel tubes. The fourth columns of Table 2 -3 and 2-4 show HEATEX calculation results for the case of using Seacure® stainless steel tubes instead of the carbon steel tubes. As shown in both tables, the calculation results for Seacure® stainless steel tubes are comparable to those of the carbon steel tubes. Thus, the analysis described in Section 3 would also be applicable to Seacure® tubes. 
Computing platform and operating system
Both the heat exchanger model HEATEX (Levin, 2004) and the cavern thermal regain model in CAVEMAN (Ballard and Ehgartner, 2000) were run on Dell personal computers running Microsoft Office EXCEL 2003 on the Microsoft Windows XP 2003 operating system.
RESULTS AND DISCUSSION
Cooling during standby/degas
Problem set-up and inputs for the cooling during standby/degas scenario are discussed in Sections 2.1.3 and 2.1.4 respectively. The calculations represent Cavern BH102 for the period covering the proposed degas of the cavern. The Heat Exchanger Model (HEATEX) was first run with the proper oil and water flowrates and input temperatures. The outlet oil temperatures for the various cases given in Table 2 -1 together with the degas oil processing rate of 90,000 bbl/day were then used as input to the thermal regain model (CaveMan). The results of the two models are discussed below.
Results from heat exchanger model
As discussed in Section 2.1.3 the proposed degas schedule was subdivided into three periods to obtain approximate average cooling water temperatures corresponding to winter (Nov-Feb), early spring (March), and middle spring (April) cooling. These three water inlet temperatures, given in Table 2 .1, together with the degas oil flowrate of 90,000 bbl/day and the predicted average oil inlet temperature of 103.4°F, and the cavern average API gravity of 34.9 were used as input to the Heat Exchanger Model (HEATEX). In addition, four cooling water flowrates (Table 2 .1) were selected as input to the model.
The results of HEATEX are shown in Figure 3 -1, where oil outlet temperature is given as a function of cooling water flowrate. The three curves in Figure 3 -1 correspond to the three cooling water temperatures described previously. Four water flowrates were run at each water inlet temperature, indicated by the symbols, and a smooth curve was fit to the data for illustration. The figure illustrates that the oil outlet temperature depends on both water inlet temperature and water flowrate. The curve representing the period Nov-Feb has the lowest oil outlet temperatures because the average water inlet temperature for this period is the lowest. Lower heat exchanger water inlet temperatures result in lower oil and water outlet temperatures. As the average water inlet temperatures increase in the months of March and April, the outlet oil temperatures also increase. While the average water inlet temperature increases by 15°F between December and April, the corresponding oil outlet temperature increases about 12°F. This indicates that water inlet temperature has a strong influence on oil outlet temperature and thus operating of the heat exchanger in the winter months would be beneficial if the maximum cooling potential is sought. Figure 3 -1 also shows the effect of cooling water flowrate on oil outlet temperature. Increasing the water flowrate from 90,000 bbl/day to 250,000 bbl/day results in lowering the oil outlet temperature by 4.6 to 5.5°F for the three temperature periods considered. Given that the oil temperature drop through the heat exchangers is 25 to 45 °F, the gains in cooling capacity from increasing water flowrate are limited. For example the decrease in oil outlet temperature between the flowrates of 180,000 bbl/day and 250,000 bbl/day is 0.9 to 1.3 °F. 
Results from thermal regain model
The heat exchanger oil outlet temperatures plotted above in Figure 3 -1 were then used as input to the CaveMan thermal regain model. The temperature history curves show the effect of oil cooling from (i) real oil transfers around years 2000-2002, marked by the 3-4°F dips in oil temperature, and (ii) the simulated cooling exercise starting in 2006 that reduces the oil temperature by nearly 20°F. The oil transfers reduce average cavern oil temperature because the oil typically comes in from an above ground storage container at ambient air temperature. The simulated cooling exercise, annotated with an arrow on Figure 3 -2, decreases the average cavern oil temperature from 104°F to 86°F during the degas/cooling period. Temperature then recovers asymptotically toward 120°F or so, but from a new start temperature near 85°F in April, 2007. For the no cooling case, the oil temperature reaches 110°F in April, 2018. For the cooling case, the oil temperature reaches 110°F in January, 2027. Thus, the model results predict that the proposed cooling exercise may effectively rewind the temperature history about 9 years for this cavern. Note that the brine temperature (Figure 3-3) also decreases as the cooled oil is returned because heat from the brine is transferred to the cooler oil. After thermal stabilization between the oil and brine, both fluid temperatures increase in parallel.
The effects of increasing cooling water flow rate through the heat exchanger are shown across the family of curves in Figure 3 -2 through Figure 3 -10. Generally, there is only a small return in oil cooling for the extra water flow (recall Figure 3-1) , and a negligible difference in cavern thermal regain history. These results are summarized in Figure 3 -10, where all of the water flowrate cases are overlaid on one curve plot. The curves representing the different flowrates seem to lie very close to each other, particularly for the higher flowrates. As was found in HEATEX, the effect of increased cooling water flow on predicted cavern oil temperature is small. 
Discussion of cooling during standby/degas
The CaveMan analysis documented in the series of figures above indicates that reinjection of cooled degasified oil during degas operations would lower the bulk cavern temperature for an extended period of time. Figure 3-1 shows that for this exercise the extent of the oil temperature lowering depends on two variables: the heat exchanger cooling water inlet temperature and the corresponding flowrate. To quantify the magnitude of the relative influence of each of these variables on the heat exchanger oil outlet temperature, a statistical correlation analysis was carried out using the data plotted in Figure 3-1. For the analysis the commonly used Pearson correlation coefficient was used. The coefficient measures the strength of the linear relationship between two correlated variables, in this case between oil outlet temperature and water inlet temperature or between oil outlet temperature and water flowrate. The coefficient can take on the values from -1.00 to 1.00. Where -1.00 is a perfect negative (inverse) correlation, 0.00 is no correlation, and 1.0 is a perfect positive correlation. The calculated Pearson correlation (linear) coefficient analysis gave a correlation between water flowrate and oil outlet temperature of -0.34, and a correlation between water inlet temperature and oil outlet temperature of 0.93. The negative value indicates that the relationship is inverse: as the water flowrate increases the oil outlet temperature decreases. The coefficient of determination (R 2 ), which measures the amount of variation in the dependent variable (oil outlet temperature) was 0.98. R 2 indicates how good the fit between the dependent and independent variables is, and has a maximum value of 1.00. Other correlation methods also gave the same results as those of the Pearson coefficient. The correlation results indicate that the inlet water temperature has a strong influence on the outlet oil temperature while the influence of the water flowrate is about 1/3 rd of that of the inlet water temperature.
Cooling during a limited drawdown
The BM108 oil delivery temperature and flowrates for the cooling during a limited drawdown are shown graphically in Figure 3 -11 and in tabular form in APPENDIX C. The analyses are subdivided into three cooling water temperatures of 85, 70, and 55°F.
Summer cooling at T w = 85°F
The most challenging oil cooling conditions occur in the summer when the cooling water intake temperature nears 85°F. The top three curves in Figure 3 -11 correspond to the summer condition. Each curve represents a constant oil delivery rate designated in the figure legend. Following the curve from left to right illustrates the effect of increasing the cooling water flow rate on oil delivery temperature. For example, for a 125,000 barrel/day oil delivery rate (top curve), an equivalent cooling water flow rate would yield oil at 95°F. Increasing the cooling water flow rate to 250,000 barrels/day would yield oil at about 92°F. Similarly, delivering oil at 100,000 barrels/day with equivalent water flow rate would yield oil at 94°F, while increasing the water flow rate would decrease the oil temperature to 90°F. In all cases, this hot cavern oil at a temperature of 123°F may be delivered at a temperature less than 100°F due to the high efficiency of the heat exchangers. At issue is the cooling potential of operating at the higher water flow rates. Note that the minimum oil temperature may never fall below the water inlet temperature. This is a constraint of the first law of thermodynamics. Hence, when the cooling water intake is 85°F, the cooled oil temperature can approach, but will never reach or fall below 85°F.
In each case, some decrease in oil temperature is observed with increasing the water flow rate, but the marginal differences of just several degrees cooling suggest that the extra pumping costs and cooling water disposal issues may well offset any gains.
Spring and Fall cooling at T w = 70°F
Moderate water temperatures will cool the oil very effectively into the range between 75 and 85°F, as demonstrated in the middle set of curves in Figure 3 -11. Increasing the water flow rate can bring the oil temperature to lower values in this range, but there is little operational value in this extra effort because most SPR oils meet emissions requirements at temperatures below 90°F. 
Winter cooling at T w = 55°F
Cold water temperatures in winter put the oil delivery temperature well into the safe range for emissions, as shown by the lower set of curves in Figure 3 -11. Increasing cooling water flow rate will decrease oil delivery temperature, but there is likely no operational value in this at the already low oil temperatures.
Discussion of cooling during a limited drawdown
Increasing the water flow rate through the SPR oil coolers will, in principle, reduce oil delivery temperature relative to a 1:1 volume flow rate. It was shown in the above calculations, however, that the cooling capacity of the SPR heat exchangers is only marginally increased with considerable increases in water flowrate. For example, in the case of summer cooling BM108 oil during a limited drawdown, doubling the water flowrate is predicted to yield only a 3°F decrease in oil temperature.
Recall that the benefit of cooling oil for delivery is that the bubble point pressure may be reduced in parallel with temperature in order to prevent problematic emissions. The thermodynamic predictions in Table 2 -2 indicate that cooling the BM108 oil to below 90°F is necessary to bring emissions in line with requirements. The data for summer cooling in Figure  3 -11 indicate that only water flowrates exceeding 175,000 bbl/day, coupled with a low process oil flowrate of 75,000 bbl/day, may deliver oil cooler than 90°F. In this case with a water flow rate of 250,000 bbl/day, the oil is only 1°F below the calculated maximum safe delivery temperature, which leaves a very small safety factor. Hence, the system would be pushed to operating at its limits of maximum water flow, low process oil flow, and minimum safety factor. This does not appear to be a preferred option when an alternative such as oil blending is available to meet emissions-driven safety requirements, though it may be considered under severe circumstances.
There are other technologies available to cool oil, most or all of which use a vaporcompression refrigeration cycle. Such systems are ubiquitous in modern homes, businesses, and vehicles. From the perspective of the authors of this report, these technologies appear prohibitively expensive for application at the SPR sites when the combined strategies of water cooling, degasification, and blending streams can meet current oil delivery requirements for a limited drawdown. Note that the scope of this feasibility report does not include an analysis of the additional power needs or costs associated with additional cooling or warm water disposal. These elements would have to be investigated in order to make any precise statements about the likely additional cost of cooling.
CONCLUSIONS
Cooling during standby/degas
Two heat transfer models, HEATEX and CaveMan, were run in series to simulate the process of cooling an SPR crude oil after degasification and injecting it back into the cavern. The example cavern Big Hill 102 was chosen for this simulation because it is due for degas in winter 2006/2007 when the cooling effect should be maximized.
The following conclusions were drawn from the model results:
• Winter cooling of the degas stream resulted in a 20°F decrease in cavern oil temperature.
• After the degas+cooling cycle, the cavern required about 9 years in an undisturbed state to return to the oil temperature at the start of degas.
• This approach may have some potential benefit for combating the negative effects of thermal regain on deliverability of the hot, gassy cavern oils in a major summertime drawdown scenario.
• These data examine only one cavern and do not examine costs. A broader, sitewide feasibility study that includes a cost-benefit analysis would be required before such a cooling operation is recommended.
Cooling during a limited drawdown
The heat exchanger model HEATEX was used to predict the delivery temperatures for Bryan Mound Cavern 108 oil during a limited drawdown scenario. The cooling water flowrate through the heat exchanger was varied from one to approximately three times the oil flowrate at three water inlet temperatures of 55°F, 70°F, and 85°F.
• The inherent efficiency of the SPR heat exchangers in the normal operating mode of 1:1 oil:water volume flowrate appears to be very effective at cooling hot oil to a delivery temperature below 100°F, even during summer months.
• The study demonstrates with a selected example that pumping extra cooling water through a heat exchanger during a limited drawdown in the summer will yield only very small decreases in oil temperature (~3°F) relative to the normal operating mode.
• Oils that present emissions problems are not likely to be mitigated by extra cooling afforded by increasing the cooling water flowrate.
• There may be selected caverns (i.e. BM 108) where extra cooling alone can bring the oil to within delivery requirements, though this is recommended as a backup plan under severe circumstance rather than a primary mitigation strategy.
• A limited drawdown scenario allows the opportunity to selectively blend oils to meet safe emissions requirements, and extra cooling is not needed.
RECOMMENDATIONS FOR FUTURE WORK
Among the oil cooling alternatives examined here, the most promising approach appears to be cooling of cavern oil during degasification or during standby. This study examined just one cavern as an example. A cursory review of the cavern temperature and bubble point data indicate that nearly half of the SPR caverns exhibit sufficiently high temperature and bubble point (evaluated at 100°F) that cooling upon delivery during an extended full-rate summer drawdown may be problematic. All of these hot, gassy caverns would be candidates for this type of analysis.
Sandia therefore recommends that the DOE consider executing a modeling study that examines the cooling during degas/standby scenario for all of the hot, gassy SPR caverns. This action would give a site-wide perspective on the potential benefits of the cooling operation. The results of the proposed study could then be input for a cost/benefit analysis that contains a full examination of operating costs, wear and tear on equipment, environmental impacts and permitting requirements, etc. to determine the detailed costs and potential benefits in terms of site readiness for a large-scale drawdown. 
